Several commercial and authentic essential oils of lemon balm (Melissa officinalis L.) were investigated for the carbon isotope ratio of their main compounds (citral as its enantiomers geranial and neral, citronellal, β-caryophyllene, germacrene D and caryophyllene oxide) by GC-C(ombustion)-IRMS. Authentic samples of lemon balm were distilled in 2003, 2004 and 2007. In addition, commercially available samples of the individual main compounds of the oil with proclaimed synthetic and natural origins were investigated for their carbon isotopic composition by GC-C-IRMS and EA-C-IRMS in order to compare the investigated carbon isotopic values. All oils were analyzed via GC-MS and GC-FID to enable the identification of the compounds in the GC-C-IRMS chromatograms and to investigate the quantity of the single essential oil compounds. Data were interpreted regarding suitability for authenticity assessment of the analyzed essential oil samples.
Synthetic citral showed δ
13
C PDB values of -28.68 and -29.00‰, whereas the natural labelled standard showed a value of -26.89‰. For the authentic oils, δ 13 C PDB values between -29.36 and -24.54‰ were determined. The commercial lemon balm oil samples indicated δ
C PDB values between -27.72 to -24.04‰ for citral. The synthetic citronellal standard showed a δ 13 C PDB value of -28.77 and the natural standard -12.91‰. The value of -12.91‰ of the natural citronellal standard indicates, that it was possibly produced by the distillation of a C 4 plant (e.g. citronella), because the δ 13 C PDB value is more positive than usual for C 3 plants (lemon balm). The same applies to four commercial lemon balm oils with δ
C PDB values for citronellal of -15.04 to -12.24‰. Authentic samples of lemon balm oils presented δ 13 C PDB values of -32.15 and -30.59‰ for citronellal. For the three minor compounds, β-caryophyllene, germacrene D and caryophyllene oxide, no clear differentiation could be made due to the lack of standards and the minor concentration of the compounds. The determination of the isotopic ratio of the stable carbon isotopes by GC-C-IRMS is a very powerful tool in authenticity assessment of essential oils for differentiation between C 3 and C 4 plants. Four of the investigated 19 lemon balm oils could be identified as oils of C 4 plants (e.g. citronella oils), although they were labelled as lemon balm oils.
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Although a variety of analytical methods for essential oil and flavor compound determination exists, authenticity assessment of essential oils remains a challenging task. Synthetic analogues of many essential oil compounds are commercially available and, in addition, expensive oils are often blended with cheaper oils. Lemon balm oil for example is often altered, by addition of synthetic compounds related to the oil (e.g. citral), or it is blended with either natural compounds or oil fractions from other cheaper essential oils (e.g. from citronella oil or lemon grass oil) to reduce the production costs. If it is blended with other oils, the remaining percentage of lemon balm oil and the botanical names of the plants of all used oils have to be labelled. With respect to these facts, specific methods for the determination of the origin of essential oils are becoming more and more interesting. Recently, it has become commercially important to evaluate the property, quality, origin, and genuineness of raw and processed products of essential oils. One of the most promising tools for authenticity assessment is the determination of the stable isotope composition performed by isotope ratio mass spectrometry (IRMS). Investigation of the stable isotopic composition of essential oil compounds is performed by a specialized IRMS, comprising an online combustion (C) unit after the gas chromatograph (GC). This relatively new analytical method (GC-C-IRMS) has become the method of choice in authenticity control of foodstuffs and determination of origin in geochemistry, archaeology and environmental chemistry due to its ability to measure isotope distribution at natural abundance level with both high accuracy and precision [1] .
Variations of 13 C/ 12 C ratios are due to differences in climate and geographical locations and differences in biochemical pathways. These differences can possibly be used to determine the origin of an organic compound and therefore the authenticity of a sample. The carbon isotope ratio is especially efficient to distinguish between organic products originating from C 3 and C 4 plants [2] .
The majority of plants belongs to the C 3 group (> 300000) with bulk δ 13 C values of < -24‰. C 4 plants and their metabolites are slightly enriched in 13 C compared with their C 3 counterparts. As a consequence, C 4 plant compounds exhibit a more positive δ 13 C value of about -11‰ [3] . Lemon balm belongs to the C 3 -type, whereas citronella oil and lemon grass oil belong to the C 4 -type.
The results are expressed in standard delta notation (δ) as per mL (‰) deviation from the V-PDB standard (Vienna-Peedee Belemnite) as: In addition, commercially available samples of the individual main compounds of the oil with proclaimed synthetic and natural origins were investigated for their carbon isotopic composition by GC-C-IRMS and EA-C-IRMS (element analyzer coupled via combustion module to an isotopic ratio mass spectrometer) to compare the investigated carbon isotopic values. All oils were analyzed by GC-MS and GC-FID (with an HP 5ms capillary column) to enable the identification of the compounds in the GC-C-IRMS chromatograms and to investigate the quantity of the single essential oil compounds. Data were interpreted regarding application for authenticity assessment of the analysed essential oil samples.
As shown in Table 1 the values of δ 13 C PDB ratios obtained for natural and synthetic standard solutions by GC-C-IRMS and EA-C-IRMS were similar. Because of different continuous flow systems of the two pieces of equipment, a slight difference is normal. Another influencing parameter may be the stability of the specific compounds against oxidation. The δ 13 C PDB values of citral determined by GC-C-IRMS were calculated as the mean δ 13 C PDB values of geranial and neral. In the literature, δ 13 C PDB values of approximately -26.0‰ for natural and -30.0 to -28.0‰ for synthetic standards of citral were determined by GC-C-IRMS and EA-C-IRMS [5] . Standards (origin synthetic or natural) [6, 7] . These four oils even have a completely different composition-citral (geranial and neral) was not identified or in very small amounts, and the main compounds of the oils are citronellal, nerol and geraniol; these are only minor compounds in lemon balm. Authentic samples of lemon balm oils presented δ 13 C PDB values of -32.15 and -30.59‰ for citronellal. The majority of the authentic lemon balm oils showed either low percentages or even the absence of citronellal, which is untypical of lemon balm oils. In the Pharmacopoeia Europaea [8] , neral For the three minor compounds, β-caryophyllene, germacrene D and caryophyllene oxide, no clear differentiation could be made due to the lack of standards.
The determination of the isotopic ratio of the stable carbon isotopes by GC-C-IRMS is obviously a very powerful tool in authenticity assessment of essential oils, especially concerning the differentiation between C 3 and C 4 plants. Four of Values of citral were calculated in relation to the δ 13 C PDB values and quantitative results of neral and geranial investigated with GC-FID n.i. Not identified, because of absence or low concentration (peak height lower than 1 nA) of the compound the investigated 19 lemon balm oils could be identified as oils of C 4 plants (e.g. citronella oils), although they were labelled as lemon balm oils. The majority of plants used for the distillation of essential oils are C 3 plants, whose 13 C/ 12 C ratios may overlap with those of synthetic compounds derived from either fossil sources or produced by biotechnological methods. The results have to be combined with determination of the 2 H/ 1 H ratios by GC-P(yrolysis)-IRMS in the future to confirm the authenticity of the samples.
Experimental
The commercial oils were ordered in duplicate from several internet shops or shops in 2007 or were received as gifts of essential oil production companies. The single compounds, all of gas chromatography standard quality, were purchased from Sigma Aldrich. Some of these are proclaimed as of natural origin. In addition, genuine plant material was ordered from two different internet shops in dried form and distilled with a 10 L distillation plant of the type UMWEX 100-1000 with a maximum of 1 kg per batch. The distillation time was app. 80 minutes. For determination of the qualitative and quantitative composition of the essential oils and for the control of the purity of the standards, GC/MS and GC/FID was used with an Agilent gas chromatograph.
The bulk carbon isotopic composition was investigated with an Europa Scientific IRMS 20-20 continuous flow mass spectrometer, and the compound specific carbon isotopic composition on an IsoPrime stable isotope mass spectrometer, coupled to an Agilent gas chromatography system. The same conditions were used as in the qualitative composition analysis, but instead of the MS detector, an FID detector (detector temperature: 250°C) was used.
These same GC parameters were also used for the GC-C-IRMS measurements. For GC analysis all compounds were identified with a quantitative percentage of >0.5%.
Bulk carbon isotopic composition analysis of terpene standards: The bulk isotopic composition of carbon (δ 13 C) of the available terpene standards was determined using an Europa Scientific 20-20 continuous flow isotope ratio mass spectrometer (IRMS), with preparation modul Anca SL for solid and liquid samples.
All terpene standard samples were measured in duplicate in two sequences with approximately one month in between (n=4). The referencing strategies and techniques in stable isotope ratio analyses are essential to measure steady values. So, the measurements are carried out against laboratory standards, which are constantly calibrated against international standards recommended by the IAEA (International Atomic Energy Agency in Vienna). For calibration, the following standards were used: IAEA-CH-6 sucrose (4-5 crystals), IAEA-CH-7 polyethylene (4 x4 mm) and NBS 22, a hydrocarbon oil (app. 0.4 µL) with the defined δ 13 C values -10.43±0.13‰, -31.83±0.11‰ and -29.74±0.12‰, respectively [9] . In addition, laboratory standard urea (Kemika, Zagreb; 4 µL with the concentration 100 µg/µL) with a defined value of 30.62 was used in each analysed sequence. The results are expressed in δ 13 C PDB notation (‰), as described in Formula 1.
Compound specific carbon isotopic composition analysis of the essential oils: Compound specific analysis of carbon isotope composition of the essential oils was performed using a GV Instruments (Manchester, UK) IsoPrime continuous flow stable isotope mass spectrometer, coupled to an Agilent Technologies (Hewlett Packard) GC 6890N system equipped with a flame ionisation detector (GC-C-IRMS).
In this study all 13 C/ 12 C ratios of compounds measured by GC-C-IRMS were calibrated against a CO 2 reference gas, which was recalibrated against Micromass standards in May 2006 (alkane mixtures of decane, undecane, dodecane and methyldeconate). Additionally standard compounds were measured by GC-C-IRMS and compared to the results investigated by the element analyzer. For checking the systems efficiency, a mixture of all even n-alkanes from C 10 to C 40 (50 mg/L each in n-heptane) was used (Fluka, 68281). Each sample was measured in triplicate. For the isotopic analysis by GC-C-IRMS only those compounds in every sample were taken into account that amounted for more than 1 nA peak height. The results are expressed in δ 13 C PDB notation (‰), as described in Formula 1.
